Pulsus alternans was induced in 11 anesthetized, open-chest dogs by rapid atrial pacing, and the left ventricular filling characteristics and length-tension-velocity relationship of alternating beats were compared. The end-diastolic circumferences (cire) of the strong beats were slightly, but significantly, increased over the weak beats (7.3 > 6.9 cm, P < 0.01), confirming that diastolic filling does alternate in pulsus alternans. This alternation in initial fiber length seemed to result from an alternation in the prior end-systolic length, rather than from an alternation in diastolic filling time or compliance. There was also no difference in end-diastolic tension as measured by an isometric strain gauge suggesting no difference in contractile element relaxation before weak and strong beats.
A B S T R A C T Pulsus alternans was induced in 11 anesthetized, open-chest dogs by rapid atrial pacing, and the left ventricular filling characteristics and lengthtension-velocity relationship of alternating beats were compared. The end-diastolic circumferences (circ) of the strong beats were slightly, but significantly, increased over the weak beats (7.3 > 6.9 cm, P < 0.01), confirming that diastolic filling does alternate in pulsus alternans. This alternation in initial fiber length seemed to result from an alternation in the prior end-systolic length, rather than from an alternation in diastolic filling time or compliance. There was also no difference in enddiastolic tension as measured by an isometric strain gauge suggesting no difference in contractile element relaxation before weak and strong beats.
The contractile state of the strong beats was consistently greater than that of the weak beats when contractility was defined in terms of: (a) Vmax (3.13 > 2.53 circ/sec, P <0.01); and (b) the velocity of circumferential fiber shortening (0.84 > 0.39 circ/sec, P < 0.001) and developed tension (82.5 > 74 g/cm, P < 0.01) at isolength. The length-tension-velocity relationship of the left ventricle also varied between strong and weak beats when: (a) the maximum velocity of contractile element shortening at least common tension (1.68> 1.28 circ/sec, P <0.05); and (b) the velocity of circumferential fiber shortening (0.81 > 0.39 circ/ sec, P < 0.001) at maximum developed tension were examined. Analysis of the length-tension-velocity characteristics of sequential beats at the onset of alternans in three dogs suggests that an alternation in contractility initiates alternans, with secondary alternations in ventricular filling. Cross-clamping of the aorta in three INTRODUCTION Mechanical alternans in isolated myocardium is said to result from an alternation in muscle fiber stretch (1) or from an alternation in the inotropic state of the muscle (2, 3) . Similarly, studies in pulsus alternans in the intact heart have shown this phenomenon to be both associated with (4) (5) (6) and independent of (7, 8) alternations in ventricular filling or end-diastolic tension. The relative contribution of variations in contractile state and in initial fiber length, and tension to the pathogenesis of pulsus alternans in the intact heart is unknown since alternating beats have not been analyzed in terms of the myocardial length-tension-velocity relationship.
In the present study, pulsus alternans was induced in open-chest, anesthetized dogs by rapid pacing, and the length-tension-velocity relations of the alternating beats were compared. In this preparation an important mechanism of pulsus alternans was found to be beat-tobeat alternation in the myocardial contractile state. (9) . The WaltonBrodie strain gauges were extended between 50 and 75% of their resting length and uncalibrated wall tension measurements were obtained continuously. Aortic and pulmonary artery blood flow were recorded using a twin channel square wave electromagnetic flow meter (model 322, Carolina Medical Electronics). The dynamic characteristics of this flow meter have been previously determined (10) . Flow probe calibration was performed in vitro by timing the constant flow of whole blood (4-11 liters/min) of varying hematocrits through hemodialysis tubing. Continuous measurements of an internal, anteroposterior, LV diameter was performed by an ultrasonic transit time technique. The method of ventricular dimension measurement by sonomicrometry, the calibration technique, and the electronic characteristics of this device are described elsewhere ( 11 ) . In our laboratory the transducers and the sonomicrometer were tested with a mechanical oscillator (Hydraulic Oscillator, Beta Corp., St. Louis, Mo.) and demonstrated a constant amplitude response without phase shift over a frequency range of 1-10 Hz. The electronic first derivatives of LV pressure and of LV internal diameter were obtained by active differentiation. The differentiators (differential operational amplifier P2A, Philbrick/Nexus Research, Dedham, Mass.) have been tested in our laboratory using a sine wave input signal, and are linear to approximately 500 Hz with a sharp roll-off above this level. The phase shift of the derivative was 900 ±10. Derivatives were calibrated graphically by setting the mean of the derivative (as determined by planimetry) equal to the calculated mean rate of change of the differentiated signal (obtained as the ratio of peak amplitude to the time for its development). The resultant mean value and a known zero point allow calibration of the linear derivative curve.
METHODS
The signals described above were recorded on two Electronics for Medicine, Inc. photographic recorders running simultaneously at a paper speed of 200 mm/sec (Model DR-8, White Plains, N. Y.). A common electrocardiographic tracing was recorded simultaneously on both recorders for timing purposes.
Pulsus alternans was induced in seven dogs by rapid atrial pacing (120-190 beats/min). In four additional dogs, alternans did not result from atrial pacing alone but was produced by elevating aortic pressure (30- Fig. 1 The velocity of shortening of the contractile element (V00) was calculated in circumferences per second at 5 msec intervals during the phase of isovolumic contraction as Vce= (dp/dt) /KP (12) , where dp/dt = the electronic first derivative of LV pressure in mm Hg per second. K is the modulus of elasticity of the series elastic element which is equal to 28 in the dog heart (13) (14) . Vee was also used to assess the ventricular performance of weak and strong beats by comparing Vee at the least tension common to both beats (15 The contractile state of alternating beats was estimated by comparing Vf and tension at equal lengths; i.e., at the isolength point on the dimension trace (16) . All D, T, and Vcr comparisons were performed during an interval from 10 mnsec before peak aortic flow to 30 msec after peak aortic flow to assure that the length-tension-velocity relationship was determined during the maximum active state of the muscle (12 dogs Vfr determined at 10 msec intervals was plotted against T calculated at 10 msec intervals to produce a continuous force-velocity curve for ventricular ejection. The present method of directly measuring a midplane ventricular dimension and its velocity of shortening obviates the geometrical assumptions required to mathematically derive dimension and velocity from a volume measurement. The calculation of tension per unit length of circumference at this ventricular level still rests on the relatively inaccurate assumption of a circular ventricular segment, and does not take into account resting wall thickness and its sequential change during ejection. The contractile state of only a segment of myocardium; i.e., the circumferential segment containing the ultrasonic crystals is evaluated by this technique.
The duration of isovolumic contraction (IVC) was defined and measured from the peak of the R wave of the electrocardiogram to the beginning of forward aortic flow. The systolic ejection period (SEP) was measured on the aortic flow recording from the onset of forward flow to the point where the tracing returned to the preejection level. Isovolumic relaxation (IVR) was measured from the end of the SEP to the beginning of the diastolic filling period (DFP), as defined by a sharp increase in LV diameter. The DFP IVmax) 4 
3.88
(Vmax) 2. 59 2 .) oA was measured from the end of IVR to the beginning of IVC. All measurements of time are expressed in milliseconds. The significant difference in the measured and calculated variables between the weak and strong beats of pulsus alternans was tested with a paired t test (17) .
RESULTS
Of the 11 dogs with alternans, 6 demonstrated concordant LV and RV alternans, 2 demonstrated discordan LV and RV alternans, and 3 showed LV alternans only. None of the dogs demonstrated an alternation in RR interval, PR interval, or in the electromechanical interval (as measured from the onset of the electrocardiographic QRS complex to the beginning of rapid LV pressure rise).
The strong beat demonstrated, in comparison with the weak beat, a significantly greater peak LV pressure, LV maximal dp/dt, peak aortic flow, and stroke volume. These data are presented in Table I . Representative recordings of LV pressure, aortic blood flow, and LV internal diameter during pulsus alternans are illustrated in Fig. 1 . In five dogs, stable nonalternating beats were recorded at heart rates which approximated those recorded during pulsus alternans. The mean stroke volume of the strong alternating beats (13.8 cc) exceeded the mean stroke volume of the stable, control beats (10.5 cc) at comparable heart rates. However, the weak alternating beat demonstrated such a significant reduction in stroke volume (5.3 cc) that the cardiac output was reduced during pulsus alternans.
Ventricular filling relationships. Circumferential length at end-diastole (EDL) was consistently slightly greater before the strong (mean 7.3 cm, range 4. 6-11.7 cm) than the weak beats (mean 6.9 cm, range 4.4-10.7 cm P < 0.01). End tive dp/dt) was greater for the strong beat, but the extent of pressure drop was also greater. There was also no significant difference in the period available for diastolic filling (72> 69 msec, NS) between the two beats. Data from individual dogs with the mean and one standard deviation for variables related to ventricular filling and the systolic time intervals are presented in Table II . The force-velocity relation during isovolumic contraction. A plot of VC. and T during isovolumic contraction in an individual dog with pulsus alternans is shown in Fig. 2 Table III .
The length-tension-velocity relation during ejection. Tracings of LV pressure, diameter, and rate of change of diameter of alternating beats in an individual dog are reproduced in Fig. 3 , and are superimposed to indicate the relationships at systolic isolength. At isolength, i.e. when the diameter of the alternating beats is equal, the comparative tensions are functions of ventricular pressure. In Fig. 3 the pressure and therefore the tension, of the strong beat exceeds that of the weak beat. Vcv, whether determined by electronic differentiation or by constructing a tangent to the dimension tracing is also substantially greater for the strong beat. In all 10 dogs in which adequate isolength points were available, the T and VCF were greater for the strong beat than the weak beat by an average of 12 and 136%, respectively. The differences in T were small (82.5 > 74.0 g/cm) but significant (P < 0.01). The values for VcF of the strong beat (mean 0.84 circ/sec; range 0.50-1.39) were significantly greater (P <0.001) than those of the weak beats (mean 0.39 circ/sec; range 0-0.74).
When the length-tension-velocity relationship was assessed at the time of maximal developed tension, the length of the strong beat (mean 7 the weak beats. Individual data for the variables which characterize the length-tension-velocity relationship during ejection can also be found in Table III. Continuous plots of the instantaneous force-velocity relation of the alternating beats in one representative dog with pulsus alternans are compared in Fig. 4 . The strong beat developed a slightly greater maximum tension and a significantly greater maximum rate of shortening. Near the point of maximum tension, the velocity of shortening continued to increase with the strong beat, but showed little appreciable increase with the weak beat. The curves relating the tension and the velocity of circumferential shortening for the strong beats were broader and more likely to be inscribed in a counterclockwise direction than the curves for the weak beats.
The sequence of events during the onset of pulsus alternans. The characteristic sequence recorded in three dogs during the development of alternans is illustrated in Fig. 5 . The first paced beat appeared as a premature atrial contraction with an abortive ventricular pressure pulse which failed to eject. The subsequent period of diastolic filling was shortened and the rate of filling was probably impaired by the elevated diastolic pressure. The subsequent, strong beat was initiated from an equivalent or reduced end-diastolic length, but developed a greater pressure at a faster rate (dp/dt) and ejected a larger stroke volume than the control beat. Both developed tension and the velocity of circumferential shortening were greater at systolic isolength, which suggests post-extrasystolic potentiation of contractile state without augmented filling. The third paced beat necessarily originated from a reduced end-diastolic length since it filled from a reduced end-systolic volume. This beat, however, also demonstrated a reduction in contractile state since both the developed tension and the velocity of circumferential fiber shortening were diminished at isolength. This sequence of events indicates that pulsus alternans induced by tachycardia may result from an alternation in contractile state with secondary alternations in ventricular filling, i.e., the observed varia4-ions in ventricular filling may result from a contractility-mediated alternation of stroke volume.
The development of isovolumic contractions during pulsus alternans by acute aortic cross-clamping in three dogs permitted equilibration of the LV end-diastolic diameters between strong and weak beats. Minor geometrical changes persisted during the isovolumic and ejection phases of systole, probably in response to the Alternating Contractile State in Pulsus Alternans tile state and an alternation in end-diastolic length and tension have been proposed to explain the pathogenesis of pulsus alternans. Vigorous debate continues as to which of the two phenomena constitutes the primary mechanism. Lendrum, Feinberg, Boyd, and Katz observed beat-to-beat alternation in peak-developed tension in an intact heart preparation that was maintained in isovolumic state (7) . Since their preparation. permitted no variation in ventricular filling they concluded that the alternation in tension depended upon an alternation in the contractile state of the myocardium. Mitchell, Sarnoff, and Sonnenblick cast some doubt on this interpretation with their observation that an isolated papillary muscle strip maintaining itself isometric during mechanical alternans always developed a greater resting tension before the weak beat (1). Since muscle length remained constant, the greater resting tension before the weak beat was thought to -result from a greater stretch of the series elastic element by a shorter contractile element. Thus, the weak beat originated from a reduced contractile element length and alternans in this circumstance could be explained by variation in the number of available contractile sites. The same authors also reported that in the intact heart end-diastolic volume was always less before the weak beat, regardless of end-diastolic pressure. End-diastolic wall tension in both the right and left ventricles of the intact dog heart was shown to be elevated before the weak beats in both concordant and discordant alternans (6) . These authors also found an inverse relationship between ED wall tension and pressure during alternans in some dogs. Two studies of pulsus alternans in the intact human have employed cineangiography to demonstrate a reduced end-diastolic volume before the weak beat (4, 5). On the other hand, Cohn, Sandler, and Hancock found no variation in diastolic filling in two of three patients with pulsus alternans, thus suggesting that an alternation in a contractile state might occur in some patients during pulsus alternans (8) . End-diastolic tension measurements were not available in the human studies listed above and changes in resting contractile element length cannot, therefore, be ruled out. The abolition of mechanical alternans in both isolated papillary muscle and in the intact heart with a variety of positive inotropic agents has suggested some indirect evidence for the existence of alternating inotropic state in the pathogenesis of mechanical alternans (18) . Floyd and Dillon noted that pulsus alternans accompanied changes in rate and outflow resistance in the hypothermic dog heart where systolic relaxation was markedly prolonged and the diastolic filling period markedly shortened (19) . Their data, however, does not distinguish between the presence of alternating end-diastolic tension or length and an alternating contractile state.
The detection and quantification of changes in myocardial contractile state and their relationship to altered ventricular filling can be best studied from the ventricular length-tension-velocity relationship (15) . In the present study, the relationship was analyzed in an attempt to define the relative contribution of contractility and initial length in the pathogenesis of pulsus alternans associated with a rapid heart rate.
The present study does confirm a small, but con-B. AORTIC OCCLUSION FIGURE 6 The effects of producing a series of isovolumic contractions during sustained pulsus alternans on left ventricular internal diameter, pressure, and dp/dt are illustrated. Panel A contains superimposed alternating beats from one dog and shows the increase in end-diastolic length (arrow), peak LV pressure, and max dp/dt that occurs with the strong beat. (dotted line) Panel B contains superimposed beats recorded shortly after the ascending aorta was cross-clamped. The end-diastolic lengths (arrow) are equal, while pulsus alternans persists as indicated by the LV pressure events.
sistent alternation in ventricular filling in the intact heart with pulsus alternans, since the end-diastolic length initiating the strong beat was always slightly greater than the end-diastolic length of the weak beat. The observed differences in diastolic filling cannot be explained by a variation in time available for filling since the diastolic filling period of the strong beat did not significantly exceed that of the weak beat. A similar observation has been reported by Katz and Feil (20) . The two indices of static end-diastolic compliance and the end-diastolic wall tensions calculated from our data do not reveal a significant difference between the alternating beats. The evidence, therefore, to support alternation in the degree of ventricular relaxation at enddiastole is not available. Dynamic compliance, however, was not evaluated in our preparation and previous studies have shown the difficulty in relying on a single static index of compliance to assess the impedance to ventricular filling or the sarcomere length (21, 22) . Our data suggests, but does not prove, that the diminished enddiastolic length preceding the weak beats of pulsus alternans results from the significantly reduced end-systolic length of the previous strong beats. The quantitative effect of a given variation in enddiastolic length on ventricular performance is difficult to predict. In the present study, the mean circumferential length of the strong beats at end-diastole (7.3 cm) was only 4 mm, or approximately 5% greater than the mean end-diastolic circumferential length of the weak beats (6.9 cm). Extrapolating from two studies of the relation of muscle length to ventricular pressure and stroke volume in the human heart, it seems reasonable to assume that a 5% alternation in end-diastolic circumference would substantially influence ventricular performance (4, 23) . In certain of our experiments, e.g. dog 4, the minimal increase of 0.5% in end-diastolic length demonstrated by the strong beat hardly seems adequate to explain the 32% increase in stroke volume. An additional mechanism would appear to be operative in the production of alternans in such examples.
In this study an analysis of the length-tension-velocity relationship of the alternating beats, both during iso- (14) was consistently increased for the strong beat. This demonstration of an augmentation in contractility for the strong beat was supported when the forcevelocity relation was examined during ventricular ejection. The force-velocity relation at any instant in time is a function of the instantaneous muscle length (24) ; therefore, the measurement of tension and velocity in alternating beats at a common length during ejection should provide an additional comparison of the contractile state of the two beats (16) . The greater velocity of circumferential shortening (VcF) and the greater wall tension developed by the strong beat at systolic isolength indicates an enhanced contractile state. Furthermore, the greater tension developed by the strong beat at isolength implies a greater stretch of the series elastic element with a decrease in the length of the contractile element as compared to the weak beat. Since a shorter contractile element would tend to reduce the velocity of shortening, the observed increase in velocity of shortening during the strong beat at systolic isolength emphasizes the augmentation in contractility.
The augmented ejection performance of the strong beats was demonstrated by the increase in VCF at peak tension. The more rapid VCF of the strong beat in the presence of a greater peak tension and comparable circumferential lengths also suggests that the contractile state is augmented. The curves depicting the forcevelocity relation during ejection (Fig. 4) further serve to illustrate the differences in cardiac function and ventricular contractility in the alternating beats of pulsus alternans. The strong beat develops a greater maximum tension and velocity of circumferential fiber shortening. Because of the more rapid rate of circumferential fiber shortening, the dimensions of the ventricle decrease more rapidly during the strong beat. Tension, a function of dimension, thus decreases more rapidly with the strong beat. Consequently, the tension of the strong beat at the conclusion of ejection is considerably less than that developed at the initiation of ejection, whereas there is little difference in initial and terminal tension for the weak beat. The tension-velocity curve of the strong beat resembles that described for the normal heart, whereas the curve for the weak beat is similar to that described for the failing ventricle (25) .
The demonstration of an alternating contractile state during sustained pulsus alternans, the sequential changes in contractile state during the onset of pulsus alternans, and the demonstration of a persistent mechanical alternans in the presence of sustained isovolumic ventricular contractions all suggest that pulsus alternans induced in the intact canine heart by rapid atrial pacing manifests a significant alternation in contractile state similar to that observed during rate-induced alternans in isolated myocardium (2, 3) .
The demonstration of alternating contractility, as defined by our measurements, does not distinguish between a true alternation of contractile state and an alternation in the strength of contraction that could result from alternating deletion of some portion of the myocardial fibers from the contraction process. Although V.a. is theoretically independent of the number of contractile sites, the deletion of fibers would probably alter the constant of elasticity employed in the calculation of Vnax (26) . Similarly, the force-velocity relation during ejection would be expected to vary with the number of fibers actively involved in contraction. Previous investigation, however, provides some evidence against the fiber deletion theory of alternans by recordig intracellular action potentials from a variety of sites with every impulse during mechanical alternans (27, 28) .
Mechanical alternans in the isolated, isovolumic myocardial preparation has in several studies been accompanied by alternation of the intracellular action potential (3, 27, 29) . Similar alternations in the action potential configuration have been correlated with changes in contractile state (3, 30, 31) , and therefore suggest that mechanical alternans in the isolated myocardium is due to an alternating contractile state.
The association of an alternation in action potential with an alternation in contractile state should not suggest that the changes in the cellular membrane responsible for the action potential variations are also responsible for the alternation in mechanical performance (32) . Indeed, the observed action potential changes occur during repolarization, after the onset of the ventricular contraction. It has been proposed that a more central event in the contraction process influences both the membrane electrical activity and mechanical performance through some common pathway (3) .
A unifying concept of the pathogenesis of pulsus alter- Scher analyzes the dynamics of tachycardia-induced pulsus alternans in anesthetized dogs. These authors also conclude that heterometric autoregulation is not the primary mechanism in pulsus alternans. They propose that an alternate deletion of contraction, coupled with potentiation of the contracting beats, in a certain proportion of myocardial cells constitutes the pathophysiologic mechanism of pulsus alternans (33) .
